The tissue-specific expression of the chicken liver cell adhesion molecule (L-CAM) was studied by generating transgenic mice. The rat insulin II promoter was fused to a chicken L-CAM cDNA or to chicken genomic L-CAM sequences. Mice carrying the cDNA showed no expression of L-CAM. Mice carrying L-CAM genomic sequences showed expression in the .8 cells of the pancreas, suggesting that sequences in introns or in flanking regions are required for expression. Murine L-CAM was undetectable in the ,3 cells ofthe pancreas of those transgenic mice expressing chicken L-CAM and thus appeared to be down-regulated, but expression of the mouse protein was not altered at other sites. Chicken L-CAM was also found in extrapancreatic tissues such as skin, kidney, liver, lung, intestine, blood vessels, and the choroid plexus and leptomeninges of the central nervous system. These findings raised the possibility that the chicken L-CAM gene contains cis regulatory elements that interfere with the specificity of a tissue-specific promoter such as the rat insulin promoter. To test this hypothesis, transgenic mice were produced with a construct containing the murine neurofilament promoter fused to genomic chicken L-CAM sequences. Chicken L-CAM was expressed in the brain and spinal cord, where L-CAM is not normally found, but it was also found in some nonneural tissues (kidney, liver, intestine, lung) in which L-CAM is normally expressed. The combined results suggest that tissue-specific cis-acting elements in the chicken L-CAM gene, when combined with heterologous
quences in introns or in flanking regions are required for expression. Murine L-CAM was undetectable in the ,3 cells ofthe pancreas of those transgenic mice expressing chicken L-CAM and thus appeared to be down-regulated, but expression of the mouse protein was not altered at other sites. Chicken L-CAM was also found in extrapancreatic tissues such as skin, kidney, liver, lung, intestine, blood vessels, and the choroid plexus and leptomeninges of the central nervous system. These findings raised the possibility that the chicken L-CAM gene contains cis regulatory elements that interfere with the specificity of a tissue-specific promoter such as the rat insulin promoter. To test this hypothesis, transgenic mice were produced with a construct containing the murine neurofilament promoter fused to genomic chicken L-CAM sequences. Chicken L-CAM was expressed in the brain and spinal cord, where L-CAM is not normally found, but it was also found in some nonneural tissues (kidney, liver, intestine, lung) in which L-CAM is normally expressed. The combined results suggest that tissue-specific cis-acting elements in the chicken L-CAM gene, when combined with heterologous promoters/enhancers, can generate novel patterns of gene expression.
Morphogenesis and histogenesis require control of various complex processes including cell division, death, motion, adhesion, and differentiation. The interactions of these primary processes of development are place dependent and are under both genetic and epigenetic control (1) . The aggregation of cell populations into functional units and various aspects of cell migration are mediated by cell-cell adhesion molecules (CAMs) and cell-substrate molecules. In the past decade, several CAMs have been isolated and characterized (2) . Paradigmatic examples include the Ca2+-independent (3) N-CAM (neural cell adhesion molecule), the evolutionary precursor of which gave rise to the immunoglobulin superfamily (4) , and L-CAM (liver cell adhesion molecule) (5, 6) , which belongs to a family of Ca2+-dependent CAMs known as cadherins (7) .
Chicken L-CAM is encoded by a gene that spans -10 kilobases (kb) and contains at least 16 exons (8) . Its murine homolog was discovered independently in other laboratories and was named uvomorulin (9) or E-cadherin (10) . In the mouse, it is expressed at preimplantation stages from the single fertilized cell to the blastocyst (7, 9) . After gastrulation, L-CAM is not present in mesoderm (except in the kidney and genital tracts) but remains in ectoderm and endoderm (11) (12) (13) . At neurulation, L-CAM expression diminishes in the neural fold, and a different Ca2"-dependent CAM, N-cadherin, appears. In the adult mouse, L-CAM continues to be expressed in a variety of epithelial tissues, such as skin and intestinal tract.
We have generated transgenic mice by using different recombinant DNA constructs with the goal of directing the expression of L-CAM to regions such as the endocrine pancreas where it is expressed (14) and to the central nervous system where it is generally not detected in the adult (11, 12) . The rat insulin promoter (RIP) was used to target L-CAM expression to the 8 cells of the islets of Langerhans (15) and the murine neurofilament promoter (NFP) (16, 17) was used to target expression to neural tissues. Chicken L-CAM was chosen because specific antisera that bind chicken, but not mouse, L-CAM (6) were available.
Only mice carrying chicken L-CAM genomic sequences expressed the protein and the RIP targeted this expression to pancreatic 8 cells. Surprisingly, however, the murine L-CAM homolog was undetectable in the pancreatic 83 cells of these transgenic mice, but it was present in 8 cells of control animals. Animals expressing chicken L-CAM in the pancreas also expressed it in extrapancreatic tissues, including some in which mouse L-CAM is not expressed. Similarly, a construct containing NFP and genomic L-CAM sequences targeted expression of chicken L-CAM to neural tissues and to various nonneuronal tissues in which L-CAM is expressed but in which NFP has not been reported to function. These results suggest that sequences within the L-CAM gene contain tissue-specific cis-acting elements that can function even when fused to heterologous promoters/enhancers and that such combinations can lead to novel patterns of gene expression.
MATERIALS AND METHODS
Hybrid Gene Construction and Production of Transgenic Mice. The rat insulin II promoter (RIP) (15) was fused separately to 2.9 kb of L-CAM cDNA (RIP/L-CAM1) and a 12.1-kb fragment of the L-CAM gene (RIP/L-CAM2) (see Fig. 1 ). To construct RIP/L-CAM1, a 2.9-kb fragment of clone pEC1302 (18) tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. fragment, and then digested with Sal I. The fragment was subcloned into the Sal I and Xho I site of pMSG (Pharmacia) and the latter was blunt-ended with the Klenow fragment to construct pMSG/L-CAM1. pMSG/L-CAM1 was digested with Nhe I and BamHI enzymes to yield a 3.6-kb fragment. RIP/L-CAM1 was constructed by replacing simian virus 40 large tumor antigen sequences in pRIPl-Tag (15) with the 3.6-kb L-CAM cDNA fragment using Xba I and BamHI restriction sites (the latter by partial digestion). For microinjection, the 4.3-kb BamHI/BamHI fragment was purified on a low melting point agarose gel.
RIP/L-CAM2 was also constructed by removal ofthe large tumor antigen from pRIP-Tag (15) and fusion of the 3.5-kb Xba I/Sal I fragment (carrying RIP and pxf 3 vector sequences) to a 12.1-kb fragment of the chicken L-CAM genomic sequence (8) . This genomic fragment, spanning 16 exons and 15 introns, had previously been subcloned into Bluescript KS (Stratagene) and was excised with Xba I and Sal I. The entire 15.6-kb construct was linearized with Sal I and used for microinjection.
NFP/L-CAM2 was constructed by digestion of NF-68 (gift of Nicholas Cowan, New York University) with HindIII and Sma I to obtain the 1.7-kb fragment containing the promoter and enhancer. The fragment was treated with Klenow enzyme to produce blunt ends and subsequently Xba I linkers were added. This fragment was inserted into the Xba I site of a Bluescript KS derived plasmid containing the 12.1-kb fragment of genomic L-CAM (8) (11) with rabbit polyclonal antichicken L-CAM IgG (6), rabbit polyclonal anti-mouse L-CAM (anti-uvomorulin, kindly provided by Rolf Kemler), fluorescein-conjugated goat anti-rabbit IgG (ICN), guinea pig anti-porcine insulin (Linco, St. Louis), and rhodamineconjugated rabbit anti-guinea pig IgG (Sigma). To quantitate L-CAM expression, measured amounts of protein (Bio-Rad)
were processed for immunoblotting with 125I-labeled protein A (6). The L-CAM band was cut out of the nitrocellulose filter and assayed in a scintillation counter. Total RNA was isolated from various tissues (20) , spotted on slot blots, and hybridized with a labeled probe containing the 12.1-kb chicken L-CAM genomic sequence (8, 20) .
Blood glucose and serum insulin were determined (21) on samples obtained by cardiac puncture from animals that were starved overnight. Serum glucose levels were determined with a hexokinase test (Ragosin, New York), urinary glucose was measured by using Diastix (Ames, Elkhart, IN), and serum insulin levels were measured by RIA (Linco). Blood glucose values were determined by AccuCheklI/Chem Strips (Boehringer Mannheim). Urinary pH and specific gravity, urine protein and glucose levels, blood urea nitrogen, and serum inorganic phosphate and creatinine levels were measured by the Animal Medical Center, New York.
RESULTS
The constructs shown in Fig. 1 independent lines (322 and 338), and the genomic construct RIP/L-CAM2 was used to generate three lines (22, 49 , and 402) and two founders (357 and 397). Founder 357 (female) gave no transgenic offspring among 45 pups examined from four litters, and was, therefore, assumed to be germ-line mosaic. Founder 397 (male) was sterile. Founders 357 and 397 were sacrificed at 7 and 5.5 months of age, respectively. The construct NFP/L-CAM2 was used to establish three lines (422, 425, and 428).
Immunohistochemistry of Islets of Langerhans of Animals Carrying Different RIP/L-CAM Constructs. Offspring of the established lines and founders with RIP/L-CAM1 and RIP/ L-CAM2 were sacrificed and the pancreases were examined for L-CAM expression by indirect immunohistochemistry (Fig. 2 a-f) . Chicken L-CAM was detected on the cell surface of all pancreatic p cells of animals from lines 22, 49, and 402 carrying RIP/L-CAM2 (Fig. 2 a-c) . In the mosaic founders 357 and 397, p cells expressing chicken L-CAM were seen in clusters in the islets of Langerhans. No expression ofchicken L-CAM was observed in the islets of Langerhans of C57BL/6J mice or in those of three offspring of line 322 and two offspring of line 338 bearing the cDNA construct RIP/ L-CAM1 (Fig. 2 d-f) .
No obvious abnormality of islet morphology and no biochemical evidence ofdiabetes mellitus were observed in mice expressing chicken L-CAM. Glucagon-producing a cells, normally localized in the periphery of the islets of Langerhans, did not costain for chicken L-CAM (data not shown).
Down-Regulation of Mouse L-CAM in .8 Cells. Mouse L-CAM was detectable on the surface of cells of the exocrine as well as the endocrine pancreas of nontransgenic animals ( Fig. 2g) and animals bearing RIP/L-CAM1. Transgenic mice bearing RIP/L-CAM2, however, showed a loss of this expression on the surface of the , cells (see Fig. 2h and i) . This down-regulation below our level of detection was observed uniformly in two offspring of founder 402 and in patches in an independent founder, 357.
Expression of Chicken L-CAM in Extrapancreatic Tissues. Antibodies that recognize chicken L-CAM but not murine L-CAM were used to localize the protein in extrapancreatic tissues (Fig. 3) . In contrast to nontransgenic controls (Fig. 3 (Fig. 3b) , especially on membranes of apposing hepatocytes, as well as in glomeruli and the tubular epithelium of the kidney (Fig. 3d) . Cellsurface staining was pronounced in glomeruli, presumably on endothelial cells of capillary loops. Staining of the tubular epithelium was localized to the basolateral surface. Sections of brains of founder 402 and of founder 357 offspring showed staining in the choroid plexus as well as in blood vessels and leptomeninges, but not in neuronal tissue (data not shown).
Sections of the intestines obtained from RIP/L-CAM2-bearing animals showed cell-surface staining of the epithelial cell layer lining the villi and crypts along the intestine as illustrated for founder 357 in Fig. 3e . The staining pattern shows patches of chicken L-CAM-expressing tissue distributed within nonexpressing tissue.
Tissue extracts of the offspring of founder 402 were also tested for L-CAM expression by immunoblots (Fig. 4) . Chicken L-CAM was detected in pancreas extracts at low levels ( Fig. 4 A and B) relative to extracts of brain, liver, and kidney (Fig. 4A) , and intestine and spinal cord (data not shown); it was not detected in blood cells or in serum. Relative to the amount of L-CAM in chicken liver, the amounts of chicken L-CAM in transgenic mice were '1% in total pancreas, 10% in kidney, 5% in liver, and 2% in brain. Founder 357 showed expression of chicken L-CAM in brain, kidney, and intestine, whereas founder 397 showed extrapancreatic expression only in liver.
Consistent with their failure to express chicken L-CAM in the pancreas, two animals from two different lines carrying RIP/L-CAM1 showed no expression in any tissue examined by immunohistochemistry or by immunoblots (Fig. 4) . Furthermore, liver, kidney, and brain extracts of five adult RIP/L-CAM1-bearing animals (three from line 322, including its founder, and two from line 338) contained no chicken L-CAM as assessed by immunoblotting.
To determine whether the lack of expression of RIP/LCAMi-carrying animals was due to pretranslational or posttranslational control, the presence of chicken L-CAM mRNA was assessed by slot blot analyses. Hybridization with the chicken L-CAM genomic sequence yielded no signal in samples from pancreas, liver, or brain of C57BL/6J mice, or from samples of the same tissues from RIP/L-CAM1-carrying offspring offounders 322 and 338. However, chicken L-CAM mRNA was detected in all samples obtained from transgenic offspring of founder 402, which carried RIP/L-CAM2. These results demonstrated that chicken L-CAM mRNA is absent in tissues of RIP/L-CAM1-carrying animals but is present in tissues of RIP/L-CAM2-carrying animals.
Expression of Chicken L-CAM in NFP/L-CAM2-Bearing Mice. To assess whether ectopic expression would also be found when the L-CAM gene was fused to another promoter, extracts of various organs obtained from animals carrying the transgene NFP/L-CAM2 were examined for L-CAM expression. As expected, ectopic expression was observed in extracts of brain and spinal cord (Fig. 4C ), but in all three lines, chicken L-CAM was also observed in nonneural tissues including liver, kidney, intestine, lung, and diaphragm; no expression was seen in spleen and heart. Immunohistochemistry (Fig. 5) indicated that chicken L-CAM in the offspring of line 425 was localized to the basolateral surface of the tubular epithelium of the kidney and to the epithelium in the intestine and the bronchial epithelium of the lung, but it was not detected in the lung parenchyma or in the spleen, striated, smooth, or cardiac muscle (data not shown). Urine and serum analyses of RIP/L-CAM2-and NFP/L-CAM2-bearing mice gave no indication of kidney dysfunction. 
DISCUSSION
In this study, constructs made from chicken L-CAM genomic DNA, but not those from cDNA, gave rise to both the synthesis of chicken L-CAM and its mRNA in transgenic mice, suggesting that sequences in introns or 3' flanking segments are required for expression of the L-CAM gene. In RIP/L-CAM2-bearing animals, the expression of chicken L-CAM in the cells of the pancreas was accompanied by down-regulation of mouse L-CAM. Chicken L-CAM was also expressed in extrapancreatic tissues where L-CAM is normally expressed in mice but where RIP has not been reported to be active; it was also found in tissues in which RIP is not active nor is L-CAM normally expressed (11, 23) . Similarly, NFP/L-CAM2-bearing animals showed expression of chicken L-CAM in the nervous system as expected, but also in tissues of predominantly epithelial origin in which NFP is not active. A summary of the sites of expression seen in transgenic lines and founders is shown in transgenic mice (24, 25) , although some cDNAs encoding other proteins fused to RIP have been used successfully to target the expression to pancreatic p cells in transgenic mice (26) (27) (28) (29) . Our RIP/L-CAM1 construct lacked the 5' and 3' untranslated sequences present in RIP/L-CAM2 and it also contained a short N-CAM sequence (Fig. 1 ) that might influence expression. Studies with this N-CAM/L-CAM chimeric construct in transfected cells, however, have shown that the protein is synthesized and that the N-CAM segment is properly removed with the L-CAM precursor sequence so that normal L-CAM is expressed on the cell surface (18) .
In all tissues in which chicken L-CAM was detected, it was localized on the cell surface. In transgenic offspring, it was on all cells of the same type but, in two mosaic founders, cells expressing chicken L-CAM formed discrete clusters as seen in the islets of Langerhans and the intestine. Such clusters might have arisen by aggregation and sorting out of the cells expressing chicken L-CAM from other cells as has been shown in vitro (30) ; alternatively, they may be derivatives of a common progenitor (31) .
The mechanism responsible for the down-regulation of mouse L-CAM in the ,8 cells of transgenic animals containing RIP/L-CAM2 is unknown. Similar down-regulation has been observed for other genes in transgenic mice (32) (33) (34) (35) (36) and competition for trans-acting factors, chromosomal position effects, or negative feedback have been suggested as possible causes. Whatever mechanism is involved in the downregulation of L-CAM in islet cells described here, it must occur under special thresholding conditions because it was not seen in other tissues, such as the kidney, in which chicken L-CAM was strongly expressed.
No gross morphologic perturbations were detected in any tissue in which chicken L-CAM was detected. The presence of endogenous CAMs might render histogenesis refractory to perturbation by additional CAMs or overexpression of CAMs, an interpretation consistent with reported results in other systems (37, 38) . Moreover, an excess of a CAM is not necessarily a test of its function (37) . Alternatively, the L-CAM transgene used in the present experiments may be expressed too late or at too low a level to influence development in some tissues.
In all lines carrying chicken genomic L-CAM sequences fused to RIP or NFP, L-CAM was detected in tissues of predominantly epithelial origin (summarized in Table 1 ) in which the promoters are not known to be active, but where L-CAM is normally expressed (7, 11, 23) . It seems unlikely that position effects (39) account for this expression because the same pattern was seen in three separate lines and two founders carrying RIP/L-CAM2 and in three lines carrying NFP/L-CAM2. These observations suggest that the 12.1-kb fragment of the chicken L-CAM gene used in these studies contains cis-acting elements responsible for tissue-specific expression of L-CAM, even when fused to heterologous promoters.
In the RIP/L-CAM2 transgenic animals, however, chicken L-CAM was not detected in the exocrine pancreas, where endogenous L-CAM is normally expressed. Moreover, in RIP/L-CAM2-bearing animals, chicken L-CAM was also expressed in other extrapancreatic tissues, such as kidney glomeruli, endothelial cells of blood vessels, the choroid plexus, and the leptomeninges of the brain of adult animals (Fig. 4) . RIP has not been reported to be active in these tissues and L-CAM is not normally expressed in these tissues in either chickens (11) or mice (23) . Thus, the combination of RIP and L-CAM genomic sequences leads to expression at new sites. While the expression of some RIP fusion genes is restricted to the pancreas (15, 26, 29) , others are expressed in extrapancreatic tissues (26, 28, 29, 40) . It has also been shown that reporter genes or other cis-acting elements can interfere with the tissue specificity of some enhancers and change the expression of certain transgenes or the tropism of viruses (41, 42) .
The present findings taken together with those of others (41, 42) suggest that tissue-specific enhancers might arise by recombination of preexisting elements that by themselves have different expression patterns. Indeed, during evolution, nonhomologous recombination of cis-acting elements controlling the expression pattern of morphoregulatory molecules (43) such as CAMs or cell-substrate molecules might change their expression in time and space, contributing to alterations in the form of the developing embryo. Such rearrangements in the genome might provide an additional molecular mechanism for heterochrony (1) . Examination of this hypothesis should be facilitated by producing additional transgenic animals with ectopic CAM expression that show perturbation in gross morphogenesis or histogenesis.
